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Abstract 
In this paper, attempts have been made to model and optimize process parameters in Electro-Discharge Machining (EDM) of 
tungsten carbide-cobalt composite (Iso grade: K10) using cylindrical copper tool electrodes in planing machining mode based on 
statistical techniques. Four independent input parameters, viz., discharge current (A: Amp), pulse-on time (B: µs), duty cycle (C: 
%), and gap voltage (D: Volt) were selected to assess the EDM process performance in terms of material removal rate (MRR: 
mm3/min), tool wear rate (TWR: mm3/min), and average surface roughness (Ra: µm). Response surface methodology (RSM), 
employing a rotatable central composite design scheme, has been used to plan and analyze the experiments. For each process 
response, a suitable second order regression equation was obtained applying analysis of variance (ANOVA) and student t-test 
procedure to check modeling goodness of fit and select proper forms of influentially significant process variables (main, two-way 
interaction, and pure quadratic terms) within 90% of confidence interval (p-value ≤ 0.1). It has been mainly revealed that all the 
responses are affected by the rate and extent of discharge energy but in a controversial manner. The MRR increases by selecting 
both higher discharge current and duty cycle which means providing greater amounts of discharge energy inside gap region. The 
TWR can be diminished applying longer pulse on-times with lower current intensities while smoother work surfaces are attainable 
with small pulse durations while allotting relatively higher levels to discharge currents to assure more effective discharges as well 
as better plasma flushing efficiency. Having established the process response models, a multi-objective optimization technique 
based on the use of desirability function (DF) concept has been applied to the response regression equations to simultaneously find 
a set of optimal input parameters yielding the highest accessible MRR along with the lowest possible TWR and Ra within the 
process inputs domain. The obtained predicted optimal results were also verified experimentally and the values of confirmation 
errors were computed, all found to be satisfactory, being less than 10%. The outcomes of present research prove the feasibility and 
effectiveness of adopted approach as it can provide a useful platform to model and multi-criteria optimize MRR, Ra, and TWR 
during EDMing WC/6%Co material. 
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1. Introduction 
 
Electro-Discharge Machining (EDM), the oldest and 
most popular non-traditional machining method, is an 
electro-thermal process where a work piece electrode, 
usually submerged in a liquid dielectric medium, is 
shaped through the action of a succession of high 
frequency discrete electrical discharges (sparks) 
produced by a DC pulse generator. Every spark locally 
erodes (melts and vaporizes) tiny amount of the material 
surface, the overall effect being a cavity as the 
complementary shape of tool electrode geometry over 
the work. The applicability of EDM process is often 
rationalized when other machining methods, especially 
conventional ones, lack efficiency and productivity in 
response to materials which have complex and difficult-
to-machine structural properties. Amongst such 
materials, tungsten carbide cobalt composites (WC-Co) 
are regarded as the most important engineering materials 
with extreme applications in today’s global competitive 
markets where high resistance over wear and abrasion is 
needed; especially in production lines, manufacturing 
carbide dies, cutting tools, forestry tools and so on. 
Nowadays, the EDM process has been recognized as the 
best and perhaps the only feasibly economical way of 
machining WC-Co composites [1]. However, unlike 
steel, available in miscellaneous types and grades, often 
selected as a general choice in EDM applications and 
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researches, it has been postulated that the material 
removal and efficacy of WC-Co during the spark 
machining can be much more burdensome and different 
compared to steels. The main difficulty in EDMing 
cemented tungsten carbide originates from its non-
homogeneous micro-structure being composed of two 
different phases with different thermo-physical 
properties, WC and Cobalt matrix. The melting and 
vaporization points of WC are about 28000C and 
60000C, respectively, and those for Co are about 13200C 
and 27000C, both at normal atmospheric pressure. 
Hence, during EDM, the cobalt matrix first starts being 
removed from the surface by mainly melting and 
evaporation mechanisms due to sparking which may 
cause non-uniformity in erosion. This early 
decomposition of WC-Co structure will lead to 
dislodging coarse WC grains into the gap space 
increasing the risk of process instability as a result of 
high debris accumulation and pollution inside gap zone. 
Moreover, there is a noticeable difference in electrical 
conductivity of WC and Co, the latter possessing a much 
higher one. For these reasons, the electro discharge 
machining of WC-Co composite is regarded as a 
challenging task imposing more difficulties compared to 
EDMing different kinds of hardened steels commonly 
referred in industrial applications. 
 
1.1. Review of some past studies 
 
The first attempt to study the EDM characteristics of 
cemented carbides was pioneered by Pandit and 
Rajurkar in 1981 [2]. They developed a thermal model 
based on Data Dependent System (DDS) approach to 
predict material removal rate. However, comparing their 
own results with those published by the CIRP, the 
authors mentioned obscurity in correlating the effects of 
operating parameters on the process efficiency due to the 
stochastic process nature and complex composition and 
structure of the work piece material. Thereafter, Pandey 
and Jilani [3] investigated into the effects of variation in 
only pulse duration on the EDM characteristics of three 
different kinds of tungsten carbides with various cobalt 
contents. They have shown that the presence of cobalt 
has a significant influence on the machining behaviour 
of carbides in such a way that a higher cobalt percentage 
results in a more susceptibility to surface cracking and 
defects. A study of the effects of EDM parameters on 
surface characteristics of a kind of tungsten carbide was 
conducted by Lee and Li [4]. They have concluded that 
the MRR and surface roughness of work piece are 
directly proportional to the discharge current intensity. 
In a more quantitative manner, Puertas et al. [5] applied 
a DOE technique based on a 23 full factorial design with 
four centre points to provide protection against curvature 
in model building of EDMing 94WC-6Co ceramic 
composite solely under finishing stages. Though, 
different significant main and interaction effects between 
input parameters; intensity, pulse duration, and duty 
cycle; were identified using ANOVA, however, no 
definite numerical values of machining factors were 
introduced as optimum input settings as no suitable 
optimization strategy was then tried. Once more, the 
same previous authors [6] conducted a comparative 
study of the die sinking EDM of three different 
conductive ceramics, viz. WC-Co, B4C, and SiSiC in 
terms of MRR, Ra, and TWR as response technological 
variables using the same aforementioned DOE plan and 
input parameters under only finishing regime using low 
discharge energy levels. They have indicated that except 
for the MRR, which manifested the same trend for all 
the investigated work piece materials, there exist 
noticeable differences between the other responses for 
each material. 
The main causes of process instability induced when 
EDMing WC-Co specimens with varying amounts of Co 
content have been studied and analyzed by 
Mahdavinejad and Mahdavinejad [7]. They have 
hypothesized on the breaking of cobalt bond strength as 
a result of high temperature discharges during sparking 
which lets dislodged WC grains contaminating gap 
region causing process instability and producing higher 
percentages of abnormal pulses more frequently. In 
another study, Lin et al. [8] investigated into the effects 
of electrical discharge energy on machining 
characteristics of two different kinds of cemented 
tungsten carbides, grades K10 and P10. They have 
indicated that there exists a particular range of 
machining parameters, within which the process is 
stable, and that exceedingly long or short pulse durations 
cause process instability. Kanagarajan et al. [9] applied 
response surface methodology (RSM) along with 
multiple linear regression analysis to obtain second order 
response equations for MRR and Ra in EDMing 
WC/30%Co composite. The most influential parameters 
aiming at maximizing MRR and minimizing surface 
roughness were identified by carefully examining 
surface and contour plots of the responses versus 
different combinations of input parameters. Nonetheless, 
neither the role of pulse-off time nor the inclusion of tool 
wear phenomenon as the third response was decided on, 
as both can definitely affect process productivity, cost, 
and dimensional accuracy of machined parts. As a soft 
computing based optimization strategy, Kanagarajan et 
al. [10] employed non-dominated sorting genetic 
algorithm (NSGA-II) to obtain a Pareto optimal series of 
input variables in a trade off manner in which the 
selection of the best machining conditions depends on 
process engineer’s preferences and requirements Again, 
their suggested approach suffers from the 
aforementioned drawbacks. Jahan et al. [11] extensively 
investigated into the effects of different tool electrode 
materials on the fine-finish R-C type die-sinking micro-
EDM of tungsten carbide and concluded that AgW 
electrode provides smoother and defect-free nanosurface 
with the lowest Ra and Rmax amongst the other tools. 
Considering all performance criteria in a comparative 
manner, AgW was selected as the best choice for finish 
die-sinking micro-EDM of WC. Banerjee et al. [12] 
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applied face-centered central composite design to collect 
experimental data and RSM to model and analyze the 
processing parameters involved in EDMing WC-TiC-
TaC/NbC-Co cemented carbide. They have found that 
sufficient superheating of work piece material and 
subsurface boiling is essential for efficient material 
removal. Liu et al. [13] carried out a set of experiments 
on ED-drilling of WC-Co based on rotatable central 
composite design (CCD) to evaluate and analyze the 
edge disintegration created around holes’ rims. Major 
significant parameters were identified using the ANOVA 
and then the optimal input settings resulting in the 
minimum amount of thermal damage were obtained by 
developing suitable second order response equation for 
disintegration factor around drilled holes. Recognition of 
major operating parameters affecting MRR, relative 
electrode wear ratio (RWR), and surface finish during 
micro-EDM drilling of WC-10wt%Co material has been 
performed by Jahan et al. [14]. It was highlighted that 
for faster micro-EDM, both the surface roughness and 
electrode wear are high and that achieving better surface 
finish is only achievable sacrificing high machining 
time. No attempt was then directed toward finding exact 
optimum numerical values of considered parameters as 
they were only selected approximately based on separate 
visualizations of response surface plots. Finally and most 
recently, Puertas and Luis [15] studied the behaviour of 
two highly practical conductive ceramics in industry, 
B4C and WC-Co, under different die sinking EDM 
conditions. Though, practical recommendations on how 
to adjust process settings to acquire low surface 
roughness, low tool electrode wear, and high MRR were 
suggested independent of each other, however, neither a 
precise optimization strategy nor a particular numerical 
parametric setting was then proposed to trade off 
between those conflicting objective responses as they 
were merely treated autonomously without considering 
their mutual interdependencies into account. 
In the present research, first, a series of experiments 
were planned and carried out according to a rotatable 
central composite design scheme providing a suitable 
basis to develop second order response equations for 
MRR, TWR, and Ra by applying RSM. Second, t-test 
and ANOVA were performed on each model term and 
the relevant responses as a whole to distinguish between 
possible significant and insignificant terms to be 
included in each model structure. Parametric analysis 
was also done to study process performance. Having 
established adequate regression equations, a multi-
objective optimization method based on the use of 
desirability function concept was then employed to find 
optimal input parametric settings under different 
machining regimes yielding the highest possible MRR 
and lowest possible TWR in a compromise manner 
simultaneously subject to a pre-specified constraint on 
surface roughness (Ra) to indicate machining regime. 
Finally, confirmation experiments were also done to 
verify the genuineness and validity of obtained optimum 
parametric settings. 
2. Experimental details 
 
2.1. Machine tool, work piece, tool electrode, and 
dielectric materials 
 
Azarakhsh ZNC spark erosion machine, model number 
204 has been used for running the experiments. It is 
equipped with an iso-frequency pulse generator which is 
capable of producing 2µs to 1000µs pulse-on times and 
can provide maximum discharge current up to 75 A. 
Tungsten carbide cobalt composite, type WMG10, ISO 
codes K10/K15/K20, containing almost 6%wt Co and 
94%wt WC, manufactured by Wolframcarb company, 
Italy, available in cylindrical form, with 12 mm 
diameter, has been selected as work piece material. It 
has 14.3 g/cm3 density, 91 HRA hardness, and 1700 
MPa transverse strength. The selected WC-Co 
composite is of a fine grain type and mainly used in 
fabricating drawing dies, woodworking tools as well as 
cutting tool for non-ferrous metals. As for the tool 
electrode material, commercial copper rods with the 
same diameter as work piece were used. Hence, the 
EDM experiments were all conducted in planing mode 
in which both tool and work piece bottom surfaces were 
ground before to remove any machining marks or 
irregularities. Moreover, commercial grade kerosene was 
used as dielectric which was ejected as impulse side 
flushing through a nozzle to the machining gap. The 
polarity of tool and workpiece was then assigned as 
positive and negative, respectively. 
 
2.2. Machining parameters, design of experiments, and 
measurements 
 
After running a number of preliminary experiments 
considering the working characteristics of EDM 
machine, four controllable input parameters, namely, 
discharge current (A: Amp), pulse-on time (B: µs), duty 
cycle (C: %), and gap voltage (D: Volt) were chosen to 
evaluate the process efficiency in terms of material 
removal rate (MRR: mm3/min), tool wear rate (TWR: 
mm3/min), and surface roughness (Ra: µm). 
Response surface methodology (RSM) [16] employing a 
rotatable central composite design (CCD) scheme has 
been selected to plan, analyze, and derive proper second 
order polynomial regression response equations. The 
selected design needs five levels for each parameter to 
be varied, in coded form as -Alpha, -1, 0, +1, +Alpha. 
Alpha (α) is a function of k, the number of input 
parameters, and should be equal to √  to assure 
rotatability. In our case, k = 4, hence, α = 2. By 
repeating seven center points, the total required number 
of experiments is 31. Table 1 summarizes the pertinent 
machining conditions in both coded and actual formats 
while Table 2 lists all the parametric settings of 
experimental runs along with their obtained 
corresponding responses. 
The first two responses were measured by the weight 
loss method in volumetric scale using GX-200, a digital 
single pan balance manufactured by A&D Company, 
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Japan (precision: 0.001 g, maximum capacity: 210 g). 
By weighing both the work piece and tool electrode 
samples before and after each experiment, average 
values of MRR and TWR were recorded. The arithmetic 
mean surface roughness (Ra) value for each EDMed 
specimen was measure by a stylus type profilometer, 
Mahr-PS1, a product of Mahr Company, Germany, set to 
5.6 mm sampling length and 0.8 mm cutoff length 
according to ISO 4287/1. The Ra values were measured 
in three different directions on each work surface and the 
mean of the three readings was assigned as the average 
roughness for every parameter setting. Finally it should 
be noted that the order of experimentation was 
randomized according to the second column of Table 2 
to avoid any systematic error creeping into the results 
[16]. 
 
Table 1. EDM parameters and their levels for CCD 
 
Table 2. Design layout and experimental results 
3. Response surface modeling of process measures 
The ANOVA table for the MRR response is shown in 
Table 3. As per this Table, it is inferred that the second-
order model is statistically significant since its respective 
p-value is very low being almost zero, while the lack of 
fit has also been found to be significant with a p-value 
0.006 being less than 0.05 which is undesirable. To 
overcome such an unfavorable concern improving model 
fitting capabilities, empirical model builders suggest 
eliminating insignificant terms by backward elimination 
procedure and then repeating ANOVA to test for the 
lack of fit of the new trimmed regression equation [16]. 
To identify insignificant terms to be excluded from the 
MRR model, a student t-test has been done on each 
model term, the results being shown in Table 4. 
 
Table 3. ANOVA table for the response surface quadratic model of 
MRR (before eliminating insignificant terms) 
 
Table 4. T-test results for the independent MRR model parameters 
(a Significant at 90 % confidence interval) 
 
It can be concluded from Table 4 that the main effect of 
parameter A (discharge current) and C (duty cycle) 
along with their dual interaction (A×C) are the only 
significant terms while the other factors are said to be 
insignificant from statistical point of view, their effects 
on the respective response are not as sensible as those 
belonging to significant group. The ANOVA results 
after removing insignificant terms are shown in Table 5 
indicating that the model fitting trait has now been 
improved as being insignificant with a lack of fit p-value 
higher than 0.05. Table 6 illustrates the t-test results for 
the obtained reduced regression model. Therefore, the 
final refined form of MRR model can now be written as: 
 
    	
  	                            (1) 
 
The same course of action conceded for the MRR model 
building has also been followed up to find the suitable 
mathematical form of the other responses. For the sake 
of brevity, the final results in the form of regression 
equations containing only those statistically significant 
terms are given below: 
 
  	  
  
  
  	


    (2) 
   
Parameter Unit Level 
-2 -1 0 +1 +2 
Discharge current (A) Amp 1 2 3 4 5 
Pulse-on time (B) µs 25 50 75 100 125 
Duty cycle (C) - 40 50 60 70 80 
Gap voltage (D) volt 40 50 60 70 80 
Std. 
Order 
Run 
Order 
Coded input factors Response variables 
A B C D MRR 
(mm3/min) 
TWR 
(mm3/min) 
Ra 
(µm) 
1 4 -1 -1 -1 -1 0.091 0.0262 3.369 
2 24 1 -1 -1 -1 0.14 0.0485 3.889 
3 10 -1 1 -1 -1 0.063 0.0694 4.730 
4 30 1 1 -1 -1 0.07 0.0136 6.113 
5 7 -1 -1 1 -1 0.112 0.0333 3.149 
6 28 1 -1 1 -1 0.182 0.0853 3.296 
7 15 -1 1 1 -1 0.105 0.0298 4.918 
8 1 1 1 1 -1 0.266 0.0805 5.786 
9 20 -1 -1 -1 1 0.077 0.0317 5.888 
10 11 1 -1 -1 1 0.126 0.0409 3.691 
11 27 -1 1 -1 1 0.091 0.0385 4.949 
12 8 1 1 -1 1 0.231 0.0531 5.643 
13 23 -1 -1 1 1 0.084 0.0565 3.371 
14 12 1 -1 1 1 0.315 0.1053 3.576 
15 6 -1 1 1 1 0.105 0.0108 4.901 
16 26 1 1 1 1 0.217 0.0638 5.761 
17 18 -1 0 0 0 0.028 0.0052 2.863 
18 2 1 0 0 0 0.287 0.0832 4.421 
19 22 0 -1 0 0 0.161 0.0904 2.710 
20 14 0 1 0 0 0.126 0.0515 5.643 
21 5 0 0 -1 0 0.056 0.0277 4.723 
22 29 0 0 1 0 0.112 0.0314 3.200 
23 17 0 0 0 -1 0.168 0.0379 4.489 
24 25 0 0 0 1 0.077 0.0454 4.207 
25 9 0 0 0 0 0.126 0.0487 4.461 
26 21 0 0 0 0 0.112 0.0488 4.545 
27 13 0 0 0 0 0.14 0.0468 4.269 
28 31 0 0 0 0 0.105 0.0442 4.218 
29 16 0 0 0 0 0.112 0.0496 4.211 
30 19 0 0 0 0 0.105 0.0531 4.318 
31 3 0 0 0 0 0.147 0.0831 4.126 
Source DF Seq SS Adj MS F-value P-value 
Regression 14 0.109 0.008 4.18 0.004 
Linear 4 0.090 0.023 12.09 0.000 
Square 4 0.008 0.002 1.01 0.43 
Interaction 6 0.012 0.002 1.03 0.442 
Residual error 16 0.03 0.002 - - 
Lack of fit 10 0.028 0.003 9.71 0.006 
Pure error 6 0.002 0.0003 - - 
Total 30 0.139 - - - 
Term Coefficient SE coefficient T-value P-value 
Constant 0.121 0.016 7.416 0.000a
A 0.056 0.009 6.322 0.000a
B -0.002 0.009 -0.232 0.820
C 0.025 0.009 2.88 0.011a 
D 0.002 0.009 0.165 0.871
A2 0.012 0.008 1.446 0.167 
B2 0.008 0.008 1.013 0.326
C2 -0.007 0.008 -0.83 0.419 
D2 0.003 0.008 0.363 0.722 
AB 0.001 0.011 0.122 0.905 
AC 0.021 0.011 1.905 0.075a
AD 0.015 0.011 1.419 0.175 
BC -0.001 0.011 -0.122 0.905 
BD 0.004 0.011 0.365 0.720 
CD -0.007 0.011 -0.608 0.552 
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Table 5. ANOVA table for the MRR trimmed model 
 
Table 6. T-test results for the independent MRR model parameters 
involving only significant terms 
 
 
 
 
 
4. Discussion 
 
Figure 1 shows the effect of discharge current and duty 
cycle on MRR. As is clear, higher values of MRR can be 
obtained by selecting greater current intensities with 
higher values of duty cycles. This condition guarantees 
elevated discharge energy levels which can facilitate 
material removal and hence increasing the MRR [5]. 
The joint effect of discharge current and duty cycle on 
TWR, at a constant level of pulse on-time (B=0), is 
depicted in Figure 2. It is evident that smaller TWRs can 
be achieved by properly choosing low levels of current 
along with high levels of duty cycle. At a steady level of 
pulse duration, this combination results in lower 
discharge energies which can help protect tool from 
wear during sparking [5]. 
The effect of pulse on-time and duty cycle on TWR, at a 
constant value of current (A=0), is illustrated in Figure 
3. To acquire low TWRs, it is preferable to assign both 
longer pulse on-times and duty cycles as this can provide 
enough time for heavier positive ions attacking the 
cathode workpiece and hence removing more material 
from work than the tool [15]. 
Figure 4 portrays the dual effect of discharge current and 
pulse duration on Ra at a constant level of duty cycle 
(C=0). It can be inferred that smooth work surfaces are 
feasible with a combination of low pulse on-time with 
relatively upper levels of discharge current. This will 
establish plasma channels with higher energy densities 
being capable of effectively remove material from the 
high melting temperature WC-Co composite, and hence, 
leaving small sized shallower craters creating less rough 
surfaces [12, 18]. 
 
5. Parametric optimization using desirability 
function (DF) approach 
 
The mathematical formulation of the current 
optimization problem can be stated as follow: 


  		 

	

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
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Fig. 1. The effect of current (A) and duty cycle (C) on MRR 
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Fig. 2. The effect of current (A) and duty cycle (C) on TWR. 
 
0.077
0.069
0.061
0.053
0.045
0.045
0.037
0.037
0.029
0.029
0.021
0.021
0.013
0.013
B
C
210-1-2
2
1
0
-1
-2
A 0
Hold Values
Contour Plot of TWR(mm3/min) vs C; B
 
Fig. 3. The effect of pulse on-time (B) and duty cycle (C) on TWR. 
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Fig. 4. The effect of discharge current (A) and pulse on-time (B) on Ra 
 
Here, a kind of search-based optimization method 
popularized by Derringer and Suich [17] has been used 
to find optimum EDM parameters resulting in maximum 
MRR along with minimum TWR and Ra in a 
compromise style. Details regarding theoretical 
background of desirability function (DF) approach can 
be found in [18]. Figure 5 illustrates the final 
optimization results. In this figure, every column of plots 
represents a process parameter and each row the 
Source DF Seq SS Adj MS F value P value 
Regression 3 0.097 0.032 20.6 0.000 
Linear 2 0.090 0.045 28.73 0.000 
Interaction 1 0.007 0.007 4.32 0.047 
Residual error 27 0.042 0.002 - - 
Lack of fit 5 0.011 0.002 1.46 0.243 
Pure error 22 0.032 0.001 - - 
Total 30 0.139 - - - 
Term Coefficient SE coefficient T-value P-value 
Constant 0.134 0.007 18.782 0.000 
A 0.056 0.008 6.899 0.000 
C 0.025 0.008 3.142 0.004 
AC 0.021 0.01 2.079 0.047 
0.317
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response. Furthermore, each cell shows how the process 
output varies as a function of one of the process factors 
while keeping the other parameters unchanging. Also, 
the vertical lines inside the cells show current optimal 
parametric setting whereas the dotted horizontal lines 
depict the current response values. The crucial part 
inside the Figure is the optimal parameter setting, 
required to achieve the process set target criteria, located 
at the middle row between the high and low row, 
expressed in coded form. The first column of Figure 5 
also shows the predicted optimum values of MRR, 
TWR, and Ra accessible within the input machining 
domain considered in the present study. The overall 
(composite) desirability (D) as well as all the individual 
ones (d) are found to be unity assuring the existence of 
global optimum points to satisfy objective functions. As 
a whole, it can be accomplished that the optimal input 
setting is, 2, -2, and -1.11, in coded form, for current, 
pulse on-time, and duty cycle, respectively, which are 
equivalent to 5A, 25µs, and 49%, as their corresponding 
actual values. The role of gap voltage is not seen here as 
its effect on the performance measures was found to be 
statistically insignificant. Therefore, the value of gap 
voltage should be set at its most suitable value providing 
the best working conditions regarding process stability 
and performance. 
Confirmation experiments were also conducted at the 
predicted optimum setting and the results have been 
compared with predicted ones. Table 7 shows the results 
of verification experiment and the amounts of relative 
errors, all being acceptable in point of engineering 
discipline. 
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Fig. 5. Final optimization results 
 
Table 7. Experimental validation of optimal setting 
 
6. Conclusions 
 
1. Discharge current, duty cycle, and their interaction are 
significant in affecting MRR. The MRR increases steadily by 
increasing both discharge current and duty cycle. This provides 
elevated discharging energy capable of melting and vaporizing 
the work surface faster. 
2. The most influential parameters on TWR are current, pulse-
on time, duty cycle, the interactions amongst duty cycle with 
current and pulse-on time as well as the pure quadratic effect 
of duty cycle. The TWR can be lowered by applying small 
current levels with long pulse durations. This adjustment 
causes more erosion from the work than the tool, hence, 
decreasing the TWR. 
3. The Ra response is mostly affected by discharge current, 
pulse-on time, duty cycle, and the interaction effect between 
the first two. Less rough surfaces can be obtained by setting 
short pulse durations along with relatively high enough 
discharge currents. The situation results in small sized shallow 
craters on the work surface helping to improve surface quality. 
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